The procedure of realizing aerodynamic aspects of experimental and numerical manoeuvre simulations of a fighter aircraft will be presented. The work is part of the DLR (Deutsches Zentrum für Luft-und Raumfahrt, German Aerospace Center) Project SikMa-'Simulation of Complex Maneuvers'. In this project the X-31 configuration is used as a target configuration for numerical and experimental manoeuvre simulations. The numerical aerodynamic investigations using the DLR TAU-Code are part of an objective to develop and validate a numerical tool for simulating the unsteady aerodynamics of a free flying aeroelastic combat aircraft, by use of coupled aerodynamic, flight mechanics, and aeroelastic computations. In order to obtain a database for validation of the aerodynamic methods within the project, ground-based simulations of complex manoeuvres of a model of the X-31 aircraft have been performed in the low-speed wind tunnel NWB of the German-Dutch Wind Tunnels DNW. In the wind tunnel tests a newly installed, novel test rig with six degrees of freedom (DOF) was used for the first time.
INTRODUCTION
The improvement of manoeuverability and agility is a substantial requirement of modern fighter aircraft. Currently, roll-rates of 200
• /s and more can be achieved, especially if the design of the aircraft is inherently unstable. Most of today's and probably future manned or unmanned fighter aircraft will be delta-wing configurations. Already at medium angles of attack the flow field of such configurations is dominated by vortices developed by flow separation at the wings and the fuselage. A delay in time of vortex position and condition to changing on-flow conditions of the manoeuvring aircraft can lead to significant phase * Corresponding author: German Aerospace Centre (DLR) shifts in the distribution of loads. In such a case, reliable results for the analysis of the flight properties can only be achieved by a combined non-linear integration of the unsteady aerodynamics, the actual flight motion, and the elastic deformation of the aircraft structure.
A review of the overall numerical and experimental data from the DLR project SikMa can be found in various previous articles. The experimental set-up and wind tunnel experiments are presented by Rein et al. [1] . The numerical simulation environment as well as steady and time accurate coupled numerical results of computational fluid dynamics (CFD), CSM, and flight mechanics is described by Schütte et al. [2] . The main objective of this article is focusing on the validation process of the Reynolds-averaged NavierStokes (RANS) solver DLR-TAU for vortex dominated flow fields of real fighter aircraft configurations within manoeuvre flight. This concerns the description of the experimental environment, the set-up of flight data for the experimental tests and the numerical simulation of a guided flight manoeuvre of the X-31 configuration taking several moving control surfaces into account.
NUMERICAL APPROACH
The behaviour of the fluid flow affecting the object of interest is simulated with the TAU-Code, a CFD tool developed by the DLR Institute of Aerodynamics and Flow Technology [3] [4] [5] . The TAU-Code solves the compressible, three-dimensional, time-accurate RANS equations using a finite volume formulation. The TAU-Code is based on a hybrid unstructured-grid approach, which makes use of the advantages that prismatic grids offer in the resolution of viscous shear layers near walls, and the flexibility in grid generation offered by unstructured grids. The grids used for simulations in this article were created with the hybrid grid generator Centaur, developed by Centaur Soft [6] . A dual-grid approach is used in order to make the flow solver independent from the cell types used in the initial grid. The unstructured grid approach is chosen due to its flexibility in creating grids for complex configurations, e.g. a fully configured fighter aircraft with control surfaces and armament. The TAU-Code consists of several different modules, among which are the following.
1. The Preprocessor module, which uses the information from the initial grid to create a dual-grid and the coarser grids for multigrid. 2. The Solver module, which performs the flow calculations on the dual-grid. 3. The Adaptation module, which refines and derefines the grid in order to capture flow phenomena like vortex structures and shear layers near viscous boundaries, among others. 4. The Deformation module, which propagates the deformation of surface coordinates to the surrounding grid. 5. The Motion module, which is used to define the motion of the aircraft model and the relative motion of the control devices.
The main elements of the TAU-Code relevant for the SikMa Project, in this case the Solver, Preprocessor, Adaptation, Deformation, Chimera, and Motion module, have all been designed to work efficiently on massively parallel Linux clusters.
The Solver module contains several upwind schemes, as well as a central scheme with artificial dissipation, that are used for spatial discretization. For simulations of turbulent flows, the oneequation Spalart-Allmaras and several two-equation turbulence models are implemented. For steady computations either an explicit Runge-Kutta-type time stepping or an implicit LU-SSOR scheme [7] is used in combination with the multigrid technique. For time-accurate simulations an implicit dual-time stepping approach is used.
The TAU-Code can handle simulations containing multiple bodies in relative motion to one another, e.g. motion of control surfaces with respect to the aircraft, by use of a hierarchical motion-node structure, and the overlapping-grid Chimera technique. The motion of each body can either be calculated internally by the TAU-Code or supplied by an external program through a Python implemented external interface.
TAU-code module: Adaptation
The Adaptation module refines and de-refines the primary grid using sensors and indicators that are based on flow-solution variables contained in the latest flow field solution from the Solver module. One of the sensors that have commonly been used in various flow simulations is the total pressure value; however, recently new sensors have been implemented specifically in order to address vortex-dominated flow simulations. These new sensors are the λ 2 criteria and kinematic vortex number, N k criteria, which take into account the rotation and rate-of-strain of the velocity gradient, and the normalized helicity H n , which takes into account the angle between the translational and rotational velocity vectors. The new sensors are currently being evaluated as to their effectiveness in capturing the relevant flow phenomena in a vortex-dominated flow field [8] .
TAU-code module: Motion
The Motion module is not a stand-alone executable but a library of functions that handle the calculation of the rigid-body translational and rotational transformation matrix for the TAU-Code. The module is built to take advantage of naturally occurring hierarchical motion structures, where for example flaps and slats inherit the motion of the wing to which they are attached. Several modes of motion description are allowed, of which the most common are the following.
1. Periodic, which allows the user to enter a reduced frequency (usually obtained from experimental data), and describe the motion using a combination of Fourier and polynomial series. For periodic motions the user has to specify the number of time steps per period, such that the Motion module can calculate the maximum time step allowed, based on the specified reduced frequency. 2. Rigid, which allows the user to specify a physical time-step size while using the same type of motion description as for the periodic motion. For periodic motions the user has to calculate the appropriate time step based on the desired number of time steps per period. For non-periodic motions the user can select a time step that sufficiently resolves the prescribed motion. 3. Rotate, which allows the user to specify a constant rotation around a given axis using a reduced frequency as input parameter. The user has to specify the number of time steps per period, such that the Motion module can calculate the maximum time step allowed, based on the specified reduced frequency. 4. External, which allows the user to create motion parameters (angles, rates, translation, displacement) in an external program and send those to the TAU-Code through a Python interface to the Motion module.
The rotation of a body can be described around either the body-fixed coordinate axis (as defined by the DIN 9300 standard) or around a vector defined in space (a so-called hinge-line vector). The translation of a body is specified in the body-fixed reference frame of the parent node in the motion hierarchy (the inertial reference frame being the parent node for the entire simulation).
The Motion module uses the given input to create the transformation matrices required to determine the current position of the surface grids relative to the inertial system, and the relative position of one grid with respect to another for multi-body simulations.
TAU-code extension: Chimera technique
The Chimera technique provides the capability to perform calculations with systems of overlapping grids. By allowing large relative body movement without the need for local remeshing or grid deformation, the technique is invaluable for the simulation of manoeuvring combat aircraft, where large-amplitude control surface deflections and/or store release are a standard part of the simulation. The current implementation can handle multi-body simulations where the overlapping grid boundaries have been predefined; a version that allows 'automatic-hole-cutting' is currently under development. The Chimera search algorithm, which is based on a state-of-the-art alternating digital tree, is available for both sequential and massively parallel architectures. A more detailed description of the Chimera approach is given by Madrane et al. [9] .
EXPERIMENTAL APPROACH
The objective of the experimental work within the DLR project SikMa is providing an environment that allows for simulating complex manoeuvres of aircraft in a ground-based facility in order to collect data for validation purposes. This challenging task requires a wind tunnel with a support system that enables one to impose well-defined guided motions to models, a model that is equipped with remotely controlled control surfaces and instrumented with various measurement devices, and a sophisticated data control and acquisition system. These apparatuses and devices need to be well coordinated. In particular, the manoeuvre-like motion of a model in the wind tunnel and the corresponding motions of its control surfaces need to be synchronized. In the following sections, first the individual systems are introduced, and then results of basic tests are discussed. Finally, the approach in defining and performing a wind tunnel manoeuvre is presented.
Low-speed wind tunnel and model positioning mechanism
Ground-based manoeuvres of X-31 delta-wing configurations have been realized in the low-speed wind tunnel NWB of the foundation German-Dutch Wind Tunnels DNW in Braunschweig. The NWB is a continuous atmospheric tunnel. In all tests reported in this article it has been operated with an open jet. The contraction ratio is given by 1:5.6 and at the nozzle exit the cross-sectional area equals S = 3.25 × 2.80 m = 9.1 m 2 . In the open test section the maximum flow velocity is 75 m/s and the maximum Reynolds number formed with a characteristic length of 0.1 S 1/2 is Re ≈ 1.8 × 10
6 . The angle of flow divergence is less than 0.1
• and on the axis the turbulence level equals about 0.15 per cent. At the low-speed wind tunnel NWB a new support system, the so-called MPM -'model positioning mechanism', has been installed. The MPM provides six degrees of freedom (DOF) to move a model relatively to an arbitrary centre of reference. The MPM that is based on a modified hexapod approach is described in detail in reference [10] .
In the NWB the X-31 model has been mounted to a belly sting that is connected with the Steward platform of the MPM. The set-up in the wind tunnel is shown in Fig. 1 . For several steady-state measurements a rear sting support set-up has been used, as shown in Fig. 2 .
The MPM allows performing motions within a workspace that spans 1100 mm in flow, 300 mm in lateral, and 500 mm in heave direction. In the present tests only the rotational DOF have been used. The angles were varied within the following ranges: pitching angle , −5
• 15
• , yawing angle , −10
• 10
• , and rolling angle , −3
• . The range of motion in a certain angle can be increased by adding an additional connecting rod that is arranged behind the belly sting. In this manner pitching motions of amplitudes up to 15
• have been performed. Depending on the model used the payload reached up to a quarter of the maximum payload (5000 N) of the MPM. 
Models of the X-31 and their instrumentation
In order to enable both motions of control surfaces and high dynamics of the model itself, two models of the experimental aircraft X-31 have been built to a scale of 1:7.25. One version is a remote control (RC) model and the other a lightweight (LW) model. The air intakes of both models are closed by a streamlined cover. In this manner comparative numerical computations need not consider the internal flow through the engine. The wing and the lower part of the fuselage of the RC model are made out of steel, and the upper part of the fuselage is constructed from carbon fibre reinforced plastic (CFRP). The LW model is fully made from CFRP except for the leading edge flaps and strakes that are made from aluminium. In the case of the RC model also the other control surfaces are made from aluminium, except for the rudder that is formed from CFRP. After completion the geometries of the models have been compared and were found to agree excellently. The RC model is equipped with eight servo motors that serve for moving four leading edge flaps, trailing edge flaps, canard, and rudder via a RC system during a test. The location of the motors and balance is depicted in Fig. 3 . The setting of flaps of the LW model can be performed manually prior to a test. In all tests they were fixed in a zero position. The mass of the LW model was kept just below 10 kg, while the mass of the RC model equipped with motors was about 110 kg. Both models have been instrumented with miniature pressure sensors. Time signals were simultaneously obtained at up to 50 taps that are arranged along two sections in spanwise direction on both wings. The resolution in time of pressure measurements is mainly determined by the geometry of the assembly of the sensors in the cavity below the tap.
Tests have shown that in the present case signals are not disturbed up to frequencies of 1 kHz, as shown in Fig. 4 . Integral quantities, i.e. forces and moments, were determined by an internal six component strain gauge balance. In addition to these measurements the temperature and the angle of attack were controlled by two temperature sensors and an inclinometer, respectively. 
Telemetric system for data acquisition
Data are transferred from the moving model to an external data acquisition system by a multi-channel telemetric system. The system consists of eight modules located within the model and an external processor unit. Each module in the model contains eight independent supply units. These units are used for supplying the individual sensors with voltage. Furthermore, they contain remotely controlled amplifiers and 16 bit A/D converters. Amplification and offset can be adjusted individually for each sensor from the external processor unit, thus allowing for changing settings during measurements in the wind tunnel. The external processor unit is also used for online control of measured data and for supply of voltage to the modules and their supply units. Data are finally transferred from the processor to a data acquisition system via a digital interface at a rate of nearly 3 kHz.
Static and dynamic tests
The functionality of individual components of the experimental set-up as well as their coaction has been carefully checked in a variety of static and dynamic wind tunnel tests. Furthermore, the symmetry of both models has been approved. In the following further examples that are of some importance for validating computational results by experimental data are discussed.
With regard to the RC model it is important to start motions of its control surfaces from a well-defined zero position. By purposely applying small changes to the zero position it has been shown that the flow around the X-31 configuration does not sensitively depend on the zero positions that are adjusted manually. Hence, slight inaccuracies in the adjustment need not be considered in numerical computations.
In a number of different static tests the physical features of the flow around the X-31 model, such as the onset of vortical flows and vortex breakdown, have been studied. In one of these tests the model was mounted on a rear sting, and in all other tests a belly sting was used. In some of the latter cases an additional connecting rod was added for enhancing the range of either the angle of pitch or the angle of roll. It should be noted that already the different versions of mounting the model on a belly sting result in slightly different geometries. In Fig. 5 spanwise pressure distributions are compared that were obtained with the model mounted on a rear and belly sting (without connecting rod), respectively. The pressure distributions deviate from each other both qualitatively and quantitatively. When a rear sting is used three vortices are observable at the highest angle of attack shown in Fig. 5 . With a belly sting one more vortex is present. Quantitatively, similar pressure distributions are obtained for different angles of attack. This is demonstrated in Fig. 5 , • with one at α ≈ 16
• . Similar quantitative differences are also present when different versions of the belly sting are considered (belly sting, belly sting with connecting rod mounted to a pitch module, belly sting with connecting rod mounted to a roll module, see reference [11] ).
More importantly, characteristic angles of attack defined by the first appearance of vortex signatures in the pressure distributions also vary with the configuration of the mount. Differences are particularly important between rear and belly sting versions. Concludingly, the particular mount used in experimental work needs to be modelled in computations.
In static tests only time averages of pressures, etc. are often recorded suppressing noise due to turbulence and model vibrations. This is no longer true for dynamic tests. In related experimental data there is always a certain degree of noise. When dynamic data are used for validating numerical results they are often filtered, for example using a low pass filter, before comparison. This may lead to a loss of information as will be exemplified in the following example. Let us consider a pitching motion of the model at a high frequency. In the wind tunnel test the light weight model with all control surfaces in a zero position was used for enabling high dynamics. The oscillation considered is about α o = 15
• at a frequency and amplitude of f = 3 Hz (k = 0.16) and α = 15
• , respectively. Under these conditions the angle of attack covers regimes without vortices up to the vortex breakdown regime during one cycle of the oscillation. As is well known this can result in a hysteretic dependence of the flow on time.
This is shown in Fig. 6 (a) in which the lift coefficient is plotted versus the angle of attack. For comparison, also the corresponding results of a quasi steady motion are depicted that show a reduction of lift increase due to vortex breakdown for α > 22
• . At the frequency of f = 3 Hz the lift coefficient assumes in a clockwise manner different values during upstroke and downstroke. In the curve representing the unsteady case a kink can be observed, which represents vortex stabilization. This kink is smoothed out in the low pass filtered data that are plotted in Fig. 6(b) . Of course, in a careful analysis of experimental data including unfiltered signals, such a loss of information will be detected and a more appropriate cut-off frequency may be used in filtering the data. But in some cases a trade-off between noise suppression and information about fast changes of the flow field is impossible. On the numerical side one should keep in mind that wind tunnel data may have been processed quasiautomatically using the same cut-off frequency for all data. Therefore, a loss of information cannot be excluded. In certain cases this may explain differences between numerical and experimental results.
Wind tunnel manoeuvres
In wind tunnel manoeuvres both model and control surfaces need to be moved simultaneously in a synchronized manner. It is difficult to predict the reaction of aircraft to changes in the angles of its control surfaces in the case of complex manoeuvres. Actually, achieving this shall be the result of numerical computations to be performed after validation of the numerical approach by the results of ground-based manoeuvres. Therefore, in the present case the dependence on time of the motion of the model and its control surfaces is based on real flight tests. The original flight data are noisy and the geometry of the experimental X-31 aircraft is not necessarily as symmetric as that of the models. Therefore, data collected during flight tests have been smoothed and adjusted before being used for defining wind tunnel manoeuvres. In the following this will be shown for the example of a steady-heading sideslip manoeuvre.
In Fig. 7 (a) slightly smoothed data of the angles of the aircraft and its control surfaces are plotted versus time. Note that the time scale has already been adjusted according to the wind tunnel velocity and the scale of the model. As can be seen, the yawing motion of the aircraft to the left and right is not symmetric. Slightly random oscillations of leading edge flaps (not shown in Figs 7(a) and (b)) are hardly important for the manoeuvre. Furthermore, the data are still too noisy for providing a useful input in a computation. Therefore, the data have been further smoothed and artificially symmetrized by hand. In this the angle of attack is held at a constant value and the canard is aligned in the flow direction at all times. The result is shown in Fig. 7(b) . In this manoeuvre the rudder performs large motions and the trailing-edge flaps are acting as ailerons opposing the rolling and yawing moment resulting from the motion of the rudder. 
COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS
In Fig. 8 the topology of the computational model for the simulation of the X-31 configuration is shown. All control devices are taken into account and two different set-ups are simulated. The first set-up is simulated with a rear sting support as depicted before in Fig. 2 . For the second a belly sting support is mounted on the lower side of the model for the unsteady calculations as it is usually configured in the experiments. In Fig. 9 the hybrid mesh topology is depicted. A pre-refined mesh is used for both steady and unsteady simulations. To cover a certain range of pitching and yawing angle the pre-refinement is adapted to the areas where the vortices are assumed to be formed during the simulation. The steady-state results are simulated with no sting, while the unsteady simulations are simulated by taking a belly sting support into account, resembling the configuration in the experiments. The effect of the support is discussed later on. Figure 10 shows the numerically simulated threedimensional flow field over the X-31 configuration, and gives a good indication of the complexity of the vortex flow topology over the wing and fuselage. In Fig. 11(a) an oil flow picture of the X-31 clean wing from low-speed experiments is shown. The experimental results are achieved from test done with a 1:14 X-31 model with a clean wing without control devices. The angle-of-attack is α = 18
• at a Reynolds number of 0.7 Mio. The attachment line of the strake vortex and the main wing vortex as well as the separation line of the main wing vortex near the leading edge are emphasized. In Fig. 11(b) the results of the corresponding CFD calculation are depicted. It is seen that the flow topology from the calculation fits quite well with that of the experiment. In all further calculations presented here all control devices will be taken into account.
In Fig. 12(a) the results of a measurement with pressure-sensitive paint (PSP) [12] obtained at an angle of attack of α = 16
• at a Reynolds number of 2.07 Mio are shown. Comparing the pressure distribution from the PSP measurement with the CFD calculation in Fig. 12(b) , it can be seen that the main footprints of the vortices as well as the location are accurately captured by CFD. The calculations were done using the Spalart-Allmaras turbulence model with vortex correction. The main difference with respect to the cleanwing configuration is the separated vortex shear layer, which occurs due to the gaps between the leading edge control devices. This leads to a more complex vortex topology, with three vortices. Most inboard the suction peak of occurring from the strake in front of the wing can be observed. The first wing vortex comes from the inner wing, the second and third from the inner and outer leading-edge flap, respectively. The suction strength of the vortex at the inner leading edge flap is predicted to be stronger and the outer vortex starting at the kink of the wing where the outer flap starts is predicted to be weaker than that in the experiment. In Fig. 13 the lift and pitching moment coefficient is plotted versus the angle of attack. For all calculations • , 14
• , and 16
• , a higher front loading pitching moment is predicted by the numerics, while the overall lift is fairly well predicted by the CFD calculation. One reason for the differences in suction peak is that the suction peak over the canard is predicted to be too low as seen in the pressure distribution in Fig. 14 at an angle of attack of α = 12
• . Besides numerical influences like grid quality and grid refinement the flow over the canard is influenced by the flow over the wing. If the flow over the wing is not predicted correctly the effective angle of attack for the canard cannot be correct as well. The canard is accordingly a critical element within the validation process predicting the pitching moment correctly for this configuration. Figure 15 shows the result of a guided yawing motion manoeuvre. The initial pitching angle is α 0 = 10
• and the side slip amplitude is β = 5
• . The manoeuvre is done with a frequency of 1 Hz. In this scenario the model is mounted on the belly sting support described above (see Figs 1 to 8) . The overall aerodynamic behaviour is captured by the numerical simulation, although the pitching moment is under-predicted. The gradient of the rolling moment is predicted to be higher than that in the experiment and the hysteresis shown in the experiment is predicted to be smaller by calculation. Comparing the steady-state pitching moment in Fig. 15 at α = 10
• in comparison to the steady-state results in Fig. 13 , it is seen that the pitching moment in case of the belly sting is more than twice that without the sting. The reason for this is that the belly sting is shifting the local angle of attack of the inner wing to higher values. This causes a higher suction and a corresponding higher front loading on the wing. Furthermore, the induced angle of attack of the canard is rising, which leads to a higher lift on the canard and a higher rear loading pitching moment. Figure 16 shows the result of a guided pitching motion manoeuvre. In this case the initial pitching angle is again α 0 = 10
• with an amplitude of α = 4
• . The manoeuvre is again done with a frequency of 1 Hz. As in case of a yawing motion the lift is predicted to be higher than that in the experiment. The gradient is predicted correctly. The characteristic of the dynamic pitching moment is not given correctly by the numerical simulation. The reason is the same as described in the steady-state case before.
Figures 17 and 18 show the flow topology at the lower and upper points of the dynamic loop of the pitching manoeuvre. Figure 17 shows that at α = 6 Only a small vortex is generated at the strake in front of the inner wing. In Fig. 18 , i.e. at α = 14
• the flow topology has completely changed. Over the wing a vortex structure of four vortices starting from the wing strake, at the inner, from the inner and outer leading edge flap, has developed. The inner wing vortex and the vortex from the inner leading edge flap unify at approximately 70 per cent chord length. Over the canard a strong vortex is generated, which is not interacting with the wing vortices.
The small strakes at the nose of the fuselage prevent the occurrence of rolling instabilities caused by time-dependant flow separations. The final simulation that will be presented here is a guided SHSS -'steady heading side slip' -manoeuvre that has been simulated in the wind tunnel. As described above the guided wind tunnel manoeuvre is based on a flight experiment. During this manoeuvre the deflection of the ruder is initiating the side slip, whereas the deflection of the Canard is held constant at η Canard = 12
• as well as the aircraft at = 12
• pitching angle. The trailing edge flap deflection depends on the angle of side slip and is thus changing with time in order to compensate the rolling moment to obtain a roll angle of = 0
• . For tracking the movable control devices the Chimera technique is used in the computations. Figure 19 shows the Chimera mesh of the right Canard and the right trailing edge flap. Currently a Chimera technique with predefined holes in the background mesh is available. An automatic hole-cutting procedure is under investigation. For enabling the capability of movable flaps the gap between the fuselage and the canard as well as the gap between the wing and trailing edge flaps were larger than that in the experiment. The effect of this modification will be discussed as well.
Figures 20 and 21 show the angle of side slip and the aerodynamic coefficients of forces and moments during the initial time period of the simulated SHSS manoeuvre. The flow conditions are Re = 2.07 Mio, Ma = 0.12, and the angle of attack is constant at α = 12
• . Due to huge time requirements of the computational simulation only the initial time history Fig. 20 , but no conclusion can be made so far. Comparing the predicted pitching moment with the experiment the same effect occurs as in the steady-state and unsteady results discussed before. The pitching moment is too small in the simulation. Because of necessary changes in the geometry within the numerical model the gap between the canard and the fuselage is larger as in The pressure distribution is symmetric over the wing. The footprints of the strake vortex and the inner wing vortex can be observed. In Fig. 24 the pressure distribution at t = 0.84 s is shown. Although the motions of the manoeuvre are right at the beginning and the side-slip angle of β = 0.75
• is rather small the yawing motion of the model leads to an asymmetric pressure distribution. Due to a positive side slip angle the suction peak of the inner vortex on the right side of the wing expands less down stream than on the left-hand side. The side slip angle reduces the effective sweep angle on the luff side of the wing and adjusts the vortex breakdown to a lower angle of attack. On the lee side the effecting suction peak is further downstream due to the opposite effect described before.
The results from the numerical simulation show the general capability of the numerical approach to simulate time accurate manoeuvres of a complex fighter aircraft configuration with several moving control devices. However further investigations are necessary to validate the numerical method for configurations with vortex-dominated flow fields. Reducing the differences between the numerical results in comparison to the experimental data within the validation process several investigations have to be done concerning the computational grid, the turbulence model, and the capability to set up the geometry more accurately using an advanced Chimera approach. Finally an overall improvement of the efficiency of the TAU-Code within unsteady simulations is necessary.
CONCLUSION
Results of the DLR-Project SikMa have been presented and discussed. The objective in SikMa was to develop new experimental and numerical capabilities for simulating unsteady aerodynamic behaviours of a fully configured fighter aircraft configuration. This was the topic of the present article. As a target configuration the X-31 aircraft with movable control devices has been considered performing manoeuvre flight. In order to achieve the new testing capabilities a unique experimental set-up was developed including a newly developed dynamic wind tunnel testing facility, windtunnel models, and sophisticated data measurement equipment. On the numerical side a Chimera technique has been added to the TAU Code in order to realize relative motions between fuselage and control devices within a computational simulation. Furthermore, an extended motion module was developed and the grid adaptation approach has been extended especially for vortex-dominated flow fields. By using the unsteady RANS capability of the DLR-TAU-Code, these extensions to the code resulted in improved investigations of steady and unsteady flows around the X-31 configuration.
Particularly in the case of unsteady flows a detailed comparison of experimental and numerical results reveals some differences, the origin of which has been addressed. On the experimental side it turned out that it is sometimes difficult to define wind tunnel manoeuvre by using data from flight tests. The latter are typically noisy and not necessarily as generic as one would like for a validation experiment. A remedy suggested in reference [1] would be to perform real wind tunnel manoeuvres, i.e. to start with deflections of the control surfaces, measure the resulting forces and moments by the balance, and then determine by real-time flight mechanics calculations the corresponding motions of the model that are finally performed by the MPM.
On the numerical side a simulation of a complete complex manoeuvre is as yet quite time demanding. Nonetheless, it has been shown that the extensions to the TAU-Code such as the Chimera technique and the motion module function very well. Improvements concerning unsteady flow calculations, and also mesh generation by means of better pre-refinement or using the mesh adaptation approach will finally enable standard computations of complex unsteady flows. Furthermore an improved Chimera approach will be established to handle all kinds of complex control device geometries. Finally improvements in the physical modelling are required as well as investigations increasing the unsteady solver efficiency for manoeuvre flight simulations.
